We studied centrifugation-mediated mechanical stress induced Tumor necrosis factor (TNF)-α production in the monocyte-like cell line THP-1. The induction of TNF-α by mechanical stress was dependent on the centrifugation speed and produced the highest level of TNF-α after 1 h of stimulation. TNF-α production returned to normal levels after 24 h of stimulation. Mechanical stress also induced Toll-like Receptor (TLR) 2 mRNA in proportion to the expression of TNF-α. The inhibition of TLR2 signaling by dominant negative myeloid differentiation factor 88 (MyD88) blocked TNF-α expression response to mechanical stress. After transient over-expression of TLR2 in HEK293 cells, mechanical stress induced TNF-α mRNA production. Interestingly, mechanical stress activated the c-Src-dependent TLR2 phosphorylation, which is necessary to induce Ca 2+ fluxes. When THP-1 cells were pretreated with BAPTA-AM, thapsigargin, and NiCl 2 ·6H 2 O followed by mechanical stimulation, both TLR2 and TNF-α production were inhibited, indicating that centrifugation-mediated mechanical stress induces both TLR2 and TNF-α production through Ca 2+ releases from intracellular Ca 2+ stores following TLR2 phosphorylation. In addition, TNF-α treatment in THP-1 cells induced TLR2 production in response to mechanical stress, whereas the pre-incubation of anti-TNF-α antibody scarcely induced the mechanical stress-mediated production of TLR2, indicating that TNF-α produced by mechanically simtulated-THP-1 cells affected TLR2 production. We concluded that TNF-α production induced by centrifugation-mediated mechanical stress is dependent on MyD88-dependent TLR2
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INTRODUCTION
Mechanical stress induces the production of growth-related proto-oncogene such as cfos and c-myc in osteoblasts (20) . c-fos and c-myc are considered significant genes because these genes play an important role in promoter regions of several genes related to the growth and mineralization of bone, including osteocalcin, alkaline phosphatase, and collagen type 1 (9, 10) . Vortex-or shear stress-mediated mechanical stress induces cell adhesion of THP-1 cells. In addition, THP-1 cells, stimulated by platelet-derived microparticles produced by high shear stress, induce cytokine expression such as TNF-α and IL-1β. These alterations in monocytes can induce the progression of atherosclerosis on the vessel wall (11, 17, 23) . Atherosclerosis is regarded as a chronic inflammatory disease of the vessel wall and is characterized by the accumulation of lipid-laden macrophages and foam cells in the large arteries (15, 21) . In general, monocytes respond to endogenous or exogenous ligands through pattern-recognition receptors (PRRs), leading to the expression of inflammatory cytokines such as TNF-α, IL-6, fibrinogen, and soluble vascular cell adhesion molecule 1. These molecules have welldescribed functions in inflammation, which have been associated with atherosclerotic progression (19, 22) . Furthermore, TNF-α is a major mediator in the induction of the 2 acute phase response (13) and affects the leukocyte-endothelial cell adhesion (2) .
Recently, research has focused on the mechanisms by which cytokine and chemokine expressions, as well as biofunctional changes, are induced by mechanical stress. The early cellular response to mechanical stress is the influx of Ca 2+ , which leads to increased cytosolic Ca 2+ , and then induces changes in the intracellular activation of numerous molecules and NO production (11) . Although more studies on the mechanical stress-mediated signaling pathway are necessary, mechanical stress may induce cytokine expression through NF-κB activation (25) . In addition, mechanical stress induces Tolllike receptor (TLR) expression as well as cytokine expression. Liang F et al reported that TLR4 mRNA was up-regulated after shear stress (8) . Previous studies have shown that TLR signaling has an important function in the link between atherosclerosis and defense against both foreign pathogens and endogenously generated inflammatory ligands (6, 16) . These results suggest that TLR may be linked to mechanical stressmediated cytokine production and thus may induce inflammation, atherosclerosis, and arthritis.
In blood vessels, monocytes may be affected by blood flow as well as the size, shape, 3 branching, and partial obstructions of the vessel. However, there is little evidence that monocytes induce the inflammatory cytokines in response to the mechanical stress caused by such an environment. The regulatory mechanism of pro-inflammatory cytokine expression by mechanical stress-mediated TLR signaling is also insufficient. In this study, therefore, we examined the expression pattern of cytokines, such as TNF-α, that are induced in THP-1 monocyte-like cells by mechanical stress. We also studied that TLR signaling and Ca 2+ release are required for mechanical stress-mediated TNF-α production.
4
MATERIALS AND METHODS
Cell culture and cell stimulation experiments. The human monocyte-like cell line, THP-1, and human embryonic kidney (HEK) 293 cell lines were obtained from Korean
Cell Line Bank (KCLB, Korea) and maintained in RPMI 1640 and MEM, respectively.
All media were supplemented with 10% FBS, antibiotics (100 U penicillin and 100 μg/ml streptomycin) in a 37℃ incubator with 5% CO 2 .
A 5804R centrifuge (Eppendorf, Germany) with a microtiter plate rotor was used to apply mechanical stress upon the THP-1 and HEK293 cells. The average shear stress on the cell surface during centrifugation was calculated by Dr. Michael R. King (University of Rochester, private communication) according to the following formulation (14) . Tau = 0.75 × mu × U/a. Where mu is the buffer viscosity, U is the sedimentation velocity of the cell, and a is the cell radius. For a cell that is approximately the size of a neutrophil (a=4 micons), then a centrifugation speed of 280 xg corresponds to an average shear stress on the cell surface of 2.06 dyn/cm 2 . In this regime of flow, the shear stress will scale linearly with the centrifugation speed. In this study, the centrifugation speed of 10 xg, 180 xg, and 461 xg corresponds to an average shear stress on the cell surface of 0.074 dyn/cm 2 , 1.3 dyn/cm 2 , and 3.4 dyn/cm 2 , respectively. Total cell lysates were prepared and the luciferase activity of these lysates were measured using a reporter assay system (Promega). The Renilla luciferase reporter gene (10 ng/well) was used as an internal control.
Immunofluorescence staining. After stimulation, THP-1 cells were fixed with 4%
paraformaldehyde. Cells were permeabilized with 0.5% Triton X-100, blocked with phosphate-buffered saline containing 1% bovine serum albumin, and incubated with Fluorescence was examined using a confocal microscope.
Statistical analysis.
All experiments were performed at least three times. The data shown are representative results of the mean ± the standard deviation of triplicate cultures. A paired t-test was used to determine the significance of the data * p < 0.05; ** p < 0.01; *** p < 0.001. mRNA was significantly induced (data not shown). Therefore, we investigated the effect of TLR2 signaling on TNF-α expression after mechanical stress.
Mechanical stress induced TNF-α and TLR2 production from THP-1 cells.
To examine the effect of mechanical stress on the cultured cells, we studied centrifugationmediated TNF-α and TLR2 production. Both TLR2 and TNF-α mRNA production peaked at 1 h after mechanical stimulation and then decreased slowly (Fig. 1A) . The TLR2 and TNF-α mRNA levels recovered to their normal levels after 24 h. The levels of TLR2 mRNA were confirmed by measuring the levels of TLR2 protein by western blotting (middle panel). RT-PCR of TNF-α expression using 32 P-labeled dCTP showed
clearly that the production of TNF-α mRNA peaked 1 h after the cells were stimulated 9 by a 180 xg centrifugation for 5 min (lower panel).
To examine the effect of mechanical stress on TNF-α and TLR2 expression, THP-1 cells were exposed to various ranges of centrifugation speeds. Previous study demonstrated that 3 xg centrifugation altered c-fos and osteoscalcin gene expression in MC3T3-E1 osteoblasts (9) . Because 3 xg centrifugation force was not available in our experimental system, we used 10 xg force as the lowest mechanical stress source. We also used 180 xg of centrifugal force (1,000 rpm) in our routine cell transfer experiments. To define our observation of the change in gene expression, we used 461 xg (1,800 rpm) of centrifugal force in this experiment. The centrifugation speed of 10 xg, 180 xg, and 461 xg corresponds to an average shear stress on the cell surface of 0.074 dyn/cm 2 , 1.3 dyn/cm 2 , and 3.4 dyn/cm 2 , respectively.
The productions of TNF-α and TLR2 mRNA were increased in a speed-dependent manner (Fig. 1B) . In addition, we used western blotting to examine the expression of TLR2 (middle panel) and 32 P-labeled RT-PCR for the detection of TNF-α (lower panel).
These alternative experimental methods showed results similar to those obtain by using real-time PCR.
To confirm the TNF-α and TLR2 expression induced by mechanical stress,
immunofluorescence staining was performed with antibodies for TNF-α and TLR2. 10 Confocal microscopy showed that both TLR2 (Fig. 1C ) and TNF-α (Fig. 1D ) were induced in a speed-dependent manner. These results suggested that mechanical stress up-regulated TLR2 expression and that TNF-α production was proportional to TLR2 expression.
Effect of polymyxin B treatment on mechanical stress-induced TNF-α production.
THP-1 cells are very sensitive to media containing endotoxin. Therefore, we performed certification experiments with polymyxin B to verify that the mechanical stressmediated gene expression was not due to endotoxin. THP-1 cells showed a significant elevation in TNF-α production compared with that of untreated cells when challenged with a known concentration of endotoxin. The endotoxin-induced TNF-α showed a 35%
and 90% decrease after a pretreatment with 5 μg/ml and 50 μg/ml of polymyxin B, respectively. However, the TNF-α production induced by mechanical stress was not diminished in these experiments, demonstrating that the media did not contain endotoxin (Fig. 2) .
TNF-α expression in dnMyD88 and TLR2 transfectants after exposure to mechanical
stress. We investigated the role of TLR2 on mechanical stress-induced TNF-α 11 production. Figure 3A shows the expression of dnMyD88 truncated protein in the pCMV/dnMyD88 transfectants (upper panel). After exposure to 180 xg of centrifugation for 5 min, the production of TNF-α mRNA was significantly induced in pCMV-Tag2A transfected cells. However, it was not induced in the mechanical stressstimulated pCMV/dnMyD88 transfected cells compared with unstimulated pCMV/dnMyD88 transfected cells (Fig. 3A, lower panel) .
To investigate the role of TLR2 alone in mechanical stress-mediated TNF-α production, HEK 293 cells were transfected with a TLR2 expressing vector (pCMV/TLR2) or pCMV-Tag2A, and TLR2 expression was confirmed by western blotting (Fig. 3B, upper panel) . Figure 3B (lower panel) shows that the production of TNF-α was significantly induced in the pCMV/TLR2 transfected cells after stimulation by 180 xg of centrifugation for 5 min, whereas the induction of TNF-α production was modestly induced in the pCMV-Tag2A transfected cells, indicating that TLR2 was involved in the signal transduction events that are triggered by mechanical stress.
As shown in Figure 3C , immunofluorescence staining with the anti-TNF-α antibody in THP-1 cells showed that mechanical stress-mediated TNF-α production was not increased in the pCMV/dnMyD88 transfected cells, whereas TNF-α was increased in the pCMV-Tag2A transfected cells. Interestingly, pCMV/TLR2 transfectants had a higher level of TNF-α production. These results suggest that TLR2-MyD88 signaling has an important role in the mechanical stress-mediated production of TNF-α.
Mechanical stress induced TLR2 tyrosine phosphorylation. Recent studies have reported that in response to bacterial ligands, Src family kinases initiate TLR2-associated signaling, which in turn, is followed by recruitment of PI 3 K and phospholipase Cγ (pLCγ). These events affect the release of Ca 2+ from intracellular stores, which is necessary for the downstream activation of proinflammatory gene transcription (5) . Therefore in our present study, we examined TLR2 tyrosine phosphorylation after mechanical stress. As shown in Figure 4 , tyrosine phosphorylation of TLR2 was induced by 5 min after stimulation with 180 xg of centrifugation for 5 min.
This phosphorylation event requires c-Src, which was previously shown to be associated with TLR2 phosphorylation (5). Furthermore, when THP-1 cells were treated with the c-Src inhibitor PP1, TLR2 tyrosine phosphorylation by mechanical stress was decreased.
Mechanical stress induced NF-κB activation in THP-1 cells. In general, TLR2
signaling induces NF-κB translocation into the nucleus, resulting in cytokine expression.
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In our present study, we examined whether mechanical stress-mediated TLR2 signaling induces NF-κB activation. IκB-α and IκB-β degradation from mechanically stimulated-THP-1 cells were examined by western blotting with anti-IκB-α and anti-IκB-β antibodies. Mechanical stress caused a rapid degradation of IκB-α within 10 min, whereas IκB-β was cleaved more weakly after 10 min (Fig. 5A) . Moreover, the degradation of both IκB-α and IκB-β was restored after 40 min. In another study, the relative luciferase activity was clearly increased in pCMV-Tag2A transfected cells after they had been stimulated by 180 xg centrifugation for 5 min. However, it was completely inhibited in the pCMV/dnMyD88 transfected cells after their stimulation with 180 xg centrifugation for 5 min (Fig. 5B) . These results indicated that mechanical stress induced NF-κB activation and therefore might result in TNF-α production. inhibited centrifugation-mediated TNF-α production (Fig. 6B) . These results suggest that IP 3 -dependent Ca 2+ release from intracellular Ca 2+ stores plays a key role in centrifugation-mediated TNF-α production, which is similar with the finding that was published on vortex-mediated cell adhesion to fibronectin (17) .
Mechanical stress-induced TNF-α and TLR2 production were induced by IP
To determine the regulation of TLR2 expression in THP-1 cells stimulated by mechanical stress, we blocked Ca 2+ release with Ca 2+ inhibitors and inactivated TNF-α activity with anti-TNF-α antibody. When THP-1 cells were pretreated with BATA-AM, the TLR2 mRNA expression was not induced by centrifugation-mediated mechanical stress (Fig. 6C) . The treatment of THG with or without NiCl 2 ·6H 2 O also did not induce 15 TLR2 mRNA expression (Fig. 6D) . These results suggest that the expression of TLR2
by centrifugation-mediated mechanical stress was regulated by IP 3 -dependent Ca
2+
release from intracellular Ca 2+ stores.
We next examined whether TNF-α produced from mechanically stimulated THP-1 cells affects TLR2 expression. When THP-1 cells were treated with recombinant human TNF-α, the expression of TLR2 mRNA was higher than that of un-treated. After mechanical stimulation, the TLR2 expression was more highly induced than that of mechanically unstimulated THP-1 cells. On the other hand, pretreatment with TNF-α antibody did not induce the TLR2 mRNA expression by THP-1 cells in response to mechanical stress (Fig. 6E ). These data indicate that TNF-α secreted from mechanically stimulated cells affect up-regulation of TLR2 mRNA expression.
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DISCUSSION
Adhesion and migration molecules such as VCAM-1, MCP-1, and ICAM-1 regulate the interaction between the endothelium and monocytes, and these interactions result in the atherogenic process. The expression of these molecules on the endothelial surface and in the vessel wall cause increased monocyte adhesion and migration (18) . A previous report showed that the expression of adhesion molecules was regulated by TNF-α (4). Our experiments provide evidence that centrifugation-mediated mechanical stress can induce TNF-α production in THP-1 cells, processes that occur during the progression of atherosclerosis. Furthermore, TNF-α production induces the expression of many endothelial genes that contribute to the complex processes involved in atherogenesis (19, 21) .
Atherosclerosis is a pathological process that affects blood vessels and leads to the development of cardiovascular disease. In addition, the immune system is involved in atherogenesis as well as the pathogenesis of atherosclerosis. Cells within atherosclerotic plaques secrete cytokines, including IL-1, IL-2, IL-6, IL-8, IL-12, IL-10, TNF-α, IFN-γ, and platelet-derived growth factor (22) . Mechanical stress, such as shear stress, causes a frictional force that the flow of blood exerts at the endothelial surface of the vessel wall and results in the progression of atherosclerosis (24) . Shear stress is defined as the viscous drag of blood over the endothelium. Both animal and human models have shown that atherosclerotic lesions occur predominantly at specific arterial regions with low or disturbed flow, where endothelial shear stress (ESS) occurs and where the atheroprotective genes are suppressed, whereas the pro-atherogenic genes are upregulated, thereby promoting the atherosclerotic process (3). These results suggest that mechanical stress plays an important role in the atherosclerotic process.
The response of cells to mechanical stress is similar to the response of ligandmediated TLR signaling in the gene expression of cytokines, chemokines, growth factors, and transcription factors, suggesting an interrelation between mechanical stress and TLR. Recently, Liang F et al showed that overexpression of TLR4 could be induced by mechanical stress (8) . In our present study, TLR2 was significantly induced by mechanical stress, while other TLRs were only moderately induced. Therefore, we examined whether TLR2 signaling participated in mechanical stress-mediated TNF-α production. When THP-1 cells were transfected with dnMyD88, the expression of TNF-α after the exposure to mechanical stress was not induced, while TLR2 transfected cells 18 after their exposure to mechanical stress had higher TNF-α production compared with that of un-stimulated TLR2-transfected cells. These results indicate that mechanical stress-mediated TNF-α expression was induced through MyD88-dependent TLR2
signaling. Using a genetic loss of function approach, a recent study showed that MyD88
has an important role in the development of atherosclerosis in murine models of atherogenesis. This study showed that a deficiency in MyD88 led to a significant reduction in plaque size, lipid content, and expression of proinflammatory genes (16) .
Another study has suggested that laminar flow induced SP1 serine phosphorylation and thereby blocked SP1 binding to the TLR2 promoter, which is required for TLR2 expression (7) . This regulatory mechanism of TLR2 production may contribute to an atheroprotective role in atherosclerotic lesion formation. Therefore, our study, which
shows that TLR2 and MyD88 signaling mediated mechanical stress-mediated TNF-α production, may provide further insight into the mechanisms of mechanical stress in atherosclerotic formation.
Signal transduction through TLR2 is initiated by c-Src-dependent phosphorylation of TLR2, which is necessary to induce the association of PI3K and TLR2 signaling. The generation of phosphatidylinositol (3, 4, 5) trisphosphate (PI(3,4,5)P3) by PI3K activates PLC-γ and is involved in intracellular Ca 2+ release by generating inositol (1, 4, 5) trisphosphate (Ins(1,4,5)P3) (1). PLCγ activity is regulated by plasma membrane localization and tyrosine phosphorylation. Furthermore, PLCγ activity is associated with TLR2 in response to the TLR2 agonist (5) . In the present study, we showed that centrifugation-mediated mechanical stress induced TNF-α and TLR2 production through IP 3 -dependent Ca 2+ release from intracellular Ca 2+ stores. These results were confirmed by the pretreatment of cells with Ca 2+ inhibitors. Moreover, the TNF-α produced from the mechanically stimulated-THP-1 cells affected TLR2 mRNA production. In addition, TLR2 signal transduction by mechanical stress induced TNF-α production through a MyD88-dependent pathway that included NF-κB activation. These results suggest that mechanical stress on THP-1 cells leads to mutual action between TLR2 and TNF-α, which may occur via intracellular Ca 2+ release and a MyD88-dependent NF-κB signal pathway.
In conclusion, we showed that centrifugation-mediated mechanical stress upregulated TNF-α and TLR2 production in THP-1 cells and that c-Src dependent TLR2
phosphorylation followed by MyD88-dependent NF-κB activation and Ca 2+ releasedependent TNF-α production were involved in this mechanism. These findings might 20 elucidate another aspect of the signaling of mechanical stress-mediated atherosclerosis.
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